Background/Aims: Acinetobacter baumannii is an aerobic and Gram-negative bacterial pathogen with high morbidity and mortality. It remains a serious public health problem arising from its multidrug-resistant and extensive antibiotic resistance spectrum. Methods: In the present study, iTRAQ coupled with 2D LC-MS/MS was used to evaluate the proteome in standard Acinetobacter baumannii standard strains and tigecycline-resistant strains. Results: A total of 3639 proteins were identified and 961 proteins were identified to be differentially expressed in tigecycline-resistant Acinetobacter baumannii strains compared to the standard strains. 506 (52.6%) proteins were up-regulated and 455 (47.4%) proteins were down-regulated. Based on the GO enrichment analysis and KEGG pathway analysis, we concluded that most differentially expressed proteins were associated with stress responses, cellular component organization, proteins synthesis, degradation and function. Moreover, β-lactam resistance, the longevity regulating pathway and other related pathways were also involved in the regulation of tigecycline-resistant Acinetobacter baumannii. The differential expression of key proteins were evaluated by transcript analysis using quantitative RT-PCR. Conclusion: These results may provide new insights into the mechanisms of drug resistance in Acinetobacter baumannii.
Introduction
Acinetobacter baumannii is an aerobic and Gram-negative bacterial pathogen with high morbidity and mortality. As its pleomorphic and opportunistic character, Acinetobacter baumannii has a higher incidence of nosocomial infections and often leads to the occurrence of various diseases, such as bacteremia, urinary tract infections, meningitis, pneumonia and others [1, 2] . More remarkable, it has been recognized as a severe human pathogen and a intractable challenge to the medical fraternity, arising from its multidrug-resistant and extensive antibiotic resistance spectrum, including tetracyclines, fluoroquinolones, β-lactams and colistin [3, 4] .
Known risk-factors for the development of drug-resistant Acinetobacter baumannii are diverse, especially the overuse of antibiotics [5] . In these antibiotics, tigecycline, a member of glycylcyclines, is often one of the available antibiotics remaining treatment to Acinetobacter baumannii, although tigecycline-resistant clinical Acinetobacter baumannii isolates have increasingly been reported [6] . In terms of Acinetobacter baumannii, there have been numerous researches about the mechanism involved in the progress of drug resistance, however, the significant improvement in the therapeutic strategies is still very poor [7] . Hence, furthermore knowledge about the mechanism of drug resistance in Acinetobacter baumannii are urgently needed to improve the therapeutic options of infection.
Proteomic analysis based on mass spectrometry and bioinformatics is powerful technique for the high-throughput characterization of global differential expressed protein [8] . The proteomics techniques have been applied in previous studies to characterize the potential features of multidrug-resistant Acinetobacter baumannii from different perspectives [9, 10] . Whereas, the comparison of expression difference in global proteins between Acinetobacter baumannii standard strains and tigecycline-resistant strains have not been reported.
In the present study, we employed the isobaric tag for relative and absolute quantitation (iTRAQ) coupled with 2D nano LC-MS/MS, a powerful quantitative tool in proteomics studies, to perform the analysis of differential global proteins in these two activated state of Acinetobacter baumannii strains. These results might provide a novel understanding of the drug resistance in Acinetobacter baumannii.
Materials and Methods

Sample preparation
Using multi-step inducement to acquire Tigecycline resistant strain (Fig. 1) . Activated the Acinetobacter baumannii ATCC19606 strain on blood agar, and serially passaged for five times. The MIC Test Strip (MTS) method was used to determine tigecycline susceptibility of the original ATCC19606 and the quality control strain ATCC25922, and the MIC were 0.75 ug/ml, 0.064 ug/ml. Then inoculated the single colony of the ATCC19606 which obtained from the last generation into 0.5 times MIC concentration of tigecycline in LB broth. Meanwhile, the LB broth contained bacteria without tigecycline was set as an negative control. The above culture solution were shaken overnight at 200 rpm/min, 37°C, and changed the medium at the second day. Repeated the above process, and cultured for 3 generations and then measured the MIC of tigecycline using the MTS assay. And then continually inoculated the strains in the one-half MIC values. With the concentration of tigecycline increased, the cultivate generation increased also. Repeated the progress, and the level of resistance was obtained. The MIC of tigecycline of the experimental group, negative control group and quality control group were 16 ug/ml,1 ug/ml, 0.064 ug/ml. The stability of the tigecycline MIC for 19606 was tested by 10 passages without selective pressure. Figure S1 For all supplemental material see www.karger.com/10.1159/000495551). Briefly, 1g bacteria was collected and grinded with liquid nitrogen, followed by dissolving with 500 μl SDT lysate (4% SDS, 100 mM tris-hcl,1 mM DTT, pH 7.6). The samples were then kept in boiling water for 5 min, and lysed by ultrasonic crushing. After centrifugation, protein samples were collected and quantified using BCA assay. And 20 μg samples were taken for SDS-PAGE. Then the gels were stained with coomassie brilliant blue G250 Three biological replicates were carried out for activited Acinetobacter baumannii strain and the control strain, respectively. Equal amount of proteins were treated with DTT and iodoacetamide, then digested using sequencing grade trypsin (ratio of 1:10 w:w) overnight at 37 °C. The resulting peptide mixture was labeled using the 8-plex iTRAQ kits (AB Sciex, MA, USA) according to the manufacturer's instructions. Three samples from the control strains (C) were labeled with iTRAQ tags 113, 114 and 115. The other three samples from the activited strain (T) were labeled with iTRAQ tags 116, 117 and 118.
SDS-PAGE analysis SDS-PAGE was performed to determine the quality of isolated protein samples (Supplementary
Strong cationic-exchange chromatography separation
After acidified with 1% trifluoroacetic acid, the combined peptide mixture were dissolved in strong cation exchange (SCX) buffer A, and fractionated using the Ultremex SCX column (Poly LC, Columbia, MD). The solvents were subjected with a gradient of solvent B, and was monitored by absorbance at 214 nm. The fractions were then collected every 1 min, Finally, 30 collected fractions were pooled into 15 samples, followed by drying and desalting before LC-MS/MS analysis.
LC-MS/MS analysis
LC-MS/MS analysis was performed as described previously [8] . 5μg of peptides from each fraction were resolved in solvent C, and separated using Shimadzu LC-20AD Nano-HPLC system with a linear gradient of solvent D at a flow rate of 300 nL/min over 120 min. Solvent D was added in a linear gradient from 0% solvent D to 45% solvent D over 100 min, followed by ramping up to 100% solvent D over 8 min, up to 100% solvent D in 12 min. MS/MS data were acquired using the Q-Exactive mass spectrometer in the positive ion mode (mass range of 300-800 mass/charge (m/z)). Q-Exactive survey scans were 70, 000 at m/z 200 and 17, 500 at m/z 200 of resolution for HCD spectra. Dynamic exclusion was set as 40.0 s duration. Data were collected in a data-dependent acquisition method using the top 10 most abundant precursor ions. 0.1% on the Q-Exactive was defined as the underfill ratio, and the normalized collision energy was 30 eV.
Protein identification and quantification
Protein identifications were performed using the MASCOT search engine (version 2.2.1; Matrix Science, London, UK) based on the protein sequences, searching against the Uniprot database of Acinetobacter baumannii (20151216, 587789 entries, downloaded from: http://www.uniprot.org/). Search parameters were set as follows: monoisotopic mass, trypsin as the enzyme, fragment mass tolerance at 0.1 Da, peptide mass tolerance at ±20 ppm, allowing up to two missed cleavages. Lysine and N-term of peptides labeled by iTRAQ 8-plex, variable modifications were defined as oxidation of methionine and iTRAQ 8-plex labeled tyrosine. False discovery rate (FDR) of peptides identification as set to be less than 0.01. For quantitative changes, the Proteome Discoverer 1.3 was applied. The up-regulated and down-regulated proteins was determined as 1.5-fold cutoff with a p-value<0.05 in at least two replicates.
Bioinformatics analysis
The altered protein profiles were identified in activited Acinetobacter baumannii strain by K-means clustering analysis using the Cluster3.0 software and the Java Treeview software. Blast2GO software was qRT-PCR qRT-PCR was performed to evaluate the expression of protein of interest in Acinetobacter baumannii strains. Total RNA was isolated using Trizol (Sangon Biotech, Shanghai, China). PrimeScript®RT Reagent Kit (Takara, Dalian, China) was used to conduct reverse transcription reactions. The primers were designed and synthesized by Sangon Biotech (Supplementary Table S1 ). Ct values of 16s rRNA was used as the internal control.
Results
Global profiling of proteins in Acinetobacter baumannii strains
In order to demonstrate the physiological changes in tigecycline-resistant Acinetobacter baumannii strains, the differences in cellular proteome between Acinetobacter baumannii standard strains and tigecycline-resistant strains were evaluated using an iTRAQ analysis coupled with 2D nano LC-MS/MS (PXD010021 for ProteomeXchange). The quality of samples is proper for proteomic analysis ( Supplementary Fig. S2 and S3 ). According to previous studies, any proteins changed with 1.5-fold cutoff and a P value<0.05 would be determined as significant differently expression proteins. By untargeted proteomic analysis and quantitative detecting proteins in two activated state of Acinetobacter baumannii strains, a total of 3639 proteins was identified, in which 961 of these proteins were quantified to be differentially expressed in tigecycline-resistant Acinetobacter baumannii strains compared to the standard strains with high confidence (Supplementary Table S2 and S3).
Identification of differentially expressed proteins
Based on the K-means clustering analysis, we found that there were 506 (52.6%) proteins up-regulated and 455 (47.4%) proteins down-regulated in the tigecycline-resistant strains (Supplementary Table S2 and S3), including various outer membrane protein, efflux pump participator, enzymes and others. The visualized heat map displayed the K-means clustering of those differentially regulated proteins in two different strains ( Supplementary  Fig. S4 ). Heat map of spots also showed the accumulation patterns of differentially expressed proteins in tigecycline-resistant Acinetobacter baumannii strains. The molecular mass of differentially expressed proteins ranged from 3 kDa to 218 kDa, with almost 90% between 20 kDa and 80 kDa. The pI mainly ranged from 4.07 to 11.27 (Supplementary Table S2 and S3).
GO analysis of differentially expressed proteins
We further conducted the GO annotation analysis to get insight into the functional annotation that was altered in tigecycline-resistant Acinetobacter baumannii strains compared to the standard strains. Based on the GO annotation analysis, differentially expressed proteins were classified into three groups: biological process, molecular function and cellular component. The top 30 GO functional annotation associated with differentially expressed proteins in tigecycline-resistant Acinetobacter baumannii strains were shown in Fig. 2 . The most proteins in biological processes categories were in the signaling process, response process to stimulus, cellular protein metabolic process and cellular component organization or biogenesis process. For the molecular functional annotation, the most proteins were mapped to GO terms for protein binding and catalytic activity. In the cellular components category, most proteins were predominantly distributed in the virion, cellular organelle and membrane.
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Additionally, we performed the GO enrichment analysis to further reveal the potential function of differentially expressed proteins in tigecycline-resistant Acinetobacter baumannii strains. The top 30 enriched functional categories associated with differentially expressed proteins in tigecycline-resistant strains were shown in Fig. 3 . The majority of proteins were found in the biological processes of intracellular localization, transport, response process to stimulus and amine metabolic process. In the molecular functional category, the most proteins were mapped to cell periphery and acetyltransferase activity. And the most proteins for cellular components were predominantly distributed in the external envelope structure and outer membrane, which might play crucial role in the alteration of membrane permeability in tigecyclineresistant Acinetobacter baumannii.
KEGG pathway analysis of differentially expressed proteins
In order to reveal the functional categories related to metabolic pathways that responded to tigecycline-resistance in Acinetobacter baumannii strains, KEGG pathway analysis of differentially expressed proteins was then Fig. 2 . GO functional annotation of differentially regulated proteins in two different strains. Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry performed. In this study, we established 138 KEGG pathway associated with all differentially expressed proteins in tigecycline-resistant strains. The most represented KEGG maps were proteins involved in carbon metabolism, amino acids biosynthesis/degradation, β-lactam resistance, ribosome and others (Fig. 4) . Besides, there were also specific KEGG pathways observed that some differentially expressed proteins were involved in, including drug metabolism-cytochrome P450, bacterial secretion system, RNA degradation and others. These pathways might have potential effects on the membrane permeability and activity of efflux pumps in Acinetobacter baumannii strains. The proteins with differential abundances involved in β-lactam resistance, drug metabolism-cytochrome P450 and bacterial secretion system were searched in KEGG (http://www.genome.jp/kegg/) and colored in Fig. 5, 6 , 7, respectively. Furthermore, we conducted the KEGG enrichment analysis to further reveal the potential metabolic pathways involved in the tigecycline resistance in Acinetobacter baumannii strains. As shown in Fig. 8 , the most proteins were mainly associated with the longevity regulating pathway, β-lactam resistance and amino acid degradation, which might contribute to the destruction of outer membrane permeability in tigecycline-resistant Acinetobacter baumannii.
Protein-protein interaction analysis
We then performed a protein-protein interaction analysis by STRING Database version 9.0. As seen in Fig. 9 , the differentially expressed proteins were mainly distributed in DNA replication, ribosome, RNA degradation, protein degradation and amino acid metabolism. These processes were all associated with the expression and degradation of proteins, implying the potential changes of protein composition in Acinetobacter baumannii. And this was consistent with the possible alteration of outer membrane and efflux pumps that involved in the tigecycline-resistance. 
Figure 8
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Transcript analysis by qRT-PCR
Based on the proteomic analysis, we selected 3 representative proteins for expression analysis at the translational level by qRT-PCR. Results showed that two (A0A009GEE5 and A0A0J8TTR3) of the selected proteins had positive correlations between the expression quantities of transcript and protein levels. And A0A009ERT7 exhibited reverse trend between transcript and protein ( Fig. 10 and Supplementary Table S2). 
Discussion
With different from usual biochemical approaches that only evaluate one or a few of specific proteins, proteomic analysis coupled with 2D LC-MS/MS is a non-targeted research strategy of gene expression, and can monitor the expression of large numbers of genes directly at protein level. This methods can provide integrated insights into the altered expressive status of global proteins under different physiological or pathological conditions [11] . Concomitant analysis of proteomics results from clinical Acinetobacter baumannii isolates has facilitated our understanding of how this bacterial pathogen responds to multidrug. Several transcriptomic and proteomic analyses of antibiotic resistance in Acinetobacter baumannii have been performed [12, 13] . In the present study, we examined the molecular responses of Acinetobacter baumannii to tigecycline by iTRAQ technology. Our proteomics analysis has provided a novel comparison between the standard Acinetobacter baumannii standard strains and tigecycline-resistant strains.
Nowadays, Acinetobacter baumannii has become a significant clinical concern in nosocomial environments because of its remarkable ability of multidrug-resistance worldwide [2] . To cope with the ability to acquire antibiotic resistance, Acinetobacter baumannii have evolved complex differences in the protein expression, responsive signaling and metabolic processes, especially the key gene expression, at the cellular, organ as well as whole-pathogen levels [14, 15] . Tigecycline is regarded as one of the few therapeutic options in the control of infections caused by Acinetobacter baumannii. However, tigecyclineresistant clinical Acinetobacter baumannii isolates have increasingly been reported [16] .
Antibiotics nonsusceptibility in Acinetobacter baumannii has been identified to be associated with multiply participant factors, including the alterations in outer membrane (OM) permeability, the recruitment of existing enzymes, modifications in the drug-binding proteins and increased expression of efflux pumps [14, 17, 18] . Among them, outer membrane proteins are responsible for the influx of drugs in gram-negative pathogen Acinetobacter baumannii. Compared with the standard Acinetobacter baumannii strains, tigecycline-resistant strains show the alteration in outer membrane permeability [19, 20] . And this is accompanied by significant changes in the expression of outer membrane proteins in Acinetobacter baumannii strains. The loss of outer membrane proteins may be result in resistance to antibiotics in clinical strains of Acinetobacter baumannii [17] . In this study, we found evidence that a number of proteins associated with outer membrane were differently expressed in tigecycline-resistant Acinetobacter baumannii strains, which indicates that the change in outer membrane permeability is associated with the molecular basis of resistance to tigecycline in Acinetobacter baumannii.
Various proteins associated with the DNA replication, ribosome, RNA degradation, protein degradation and amino acid metabolism were found to be differentially expressed throughout in tigecycline-resistant Acinetobacter baumannii. These proteins have been linked with protein expression and metabolism. In normal strains, proteins biosynthesis and degradation maintain a constant ratio to keep the integrity of cellular structure and function under physiological conditions. Contrary, in tigecycline-resistant strains, the differential expressions of proteins may suggest the alteration in protein metabolism, contributing to the change of outer membrane and efflux pumps that involved in the tigecycline-resistance.
It has been reported that the active efflux systems are, at least in part, involved in the reduced susceptibility in Acinetobacter baumannii that response to antibiotics, including tigecycline [19] . As a class of glycylcyclines, tigecycline is modified by a 9-t-butyl-glycylamido side chain on the minocycline, by which the drug can bind to the ribosomes of bacterial pathogen with high affinity. This characteristic makes it possible that tigecycline retain susceptibility to a broad range of bacteria, including the Gram-positive and Gram-negative, and get out of the major resistance mechanisms of pathogen [21] . However, tigecycline resistance has increasingly emerged [22, 23] . In terms of Acinetobacter baumannii, Deng et al. reported that the major clinically relevant efflux pumps are related with the resistance to tigecycline [24] . Tigecycline is one of the broad substrates of these efflux pumps. Through the excretion effect of efflux pumps, tigecycline is reduced to less than effective concentration, resulting in the tigecycline nonsusceptibility in Acinetobacter baumannii. Besides, other possible influence factors of resistance to tigecycline, such as the alterations of existing enzymes or modifications in the drug-binding proteins, were also found in our bio-function analysis, indicating the involvement of these possible mechanisms in resistance to tigecycline in Acinetobacter baumannii. In the present study, the differential expression of two efflux transporter proteins was evaluated by transcript analysis using quantitative RT-PCR, and they had positive correlations between the expression quantities of transcript and protein levels. Notably, an ATP-dependent Clp protease was found to be related with various proteins at PPI networks, and was differential expressed with reverse trend between transcript and protein. We presume that expression of the Clp protease may be regulated by different signaling at transcriptional and protein levels or posttranscriptional modification.
Conclusion
The proteomic analysis by iTRAQ coupled with 2D LC-MS/MS was conducted to evaluate the proteome in standard Acinetobacter baumannii standard strains and tigecycline-resistant strains. Based on the GO and KEGG pathway analysis, we concluded that most differentially expressed proteins were associated with stress responses, cellular component organization, proteins synthesis, degradation and function. Moreover, β-lactam resistance, the longevity regulating pathway and other related pathways were also involved in the regulation of tigecycline-resistant Acinetobacter baumannii. These results may provide new insights into the mechanisms of drug resistance in Acinetobacter baumannii.
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